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Abstract. Energetic particles in the heliosphere, from relatively low-energy particles which are
accelerated in Corotating Interaction Regions (CIRs) to galactic cosmic rays, are observed to prop-
agate relatively easily in heliographic latitude. Two mechanisms for this transport appear possible:
cross-field diffusion, or, in a recent model for the heliospheric magnetic field, by direct magnetic
connection. The commonalties and differences of these two mechanisms are considered, and the
need for future observations and modeling efforts are discussed.
1. Introduction
Observations of energetic particles and galactic cosmic rays from the Ulysses space-
craft have revealed the interesting fact that these particles appear to propagate
in heliographic latitude with relative ease. Galactic cosmic rays show corotating
variations, evidently produced by CIRs at low latitudes, up the highest latitudes
seen by Ulysses (Simpsonet al., 1996), where there was no evidence of corotating
variations in the solar wind or magnetic field. CIRs form from the interaction of
high and low speed solar wind flows. During the time period of Ulysses, these
regions are confined to within about 40 of the equatorial plane of the Sun, and
are unlikely to expand much beyond this range in the more distant heliosphere.
Even more interesting was the fact that very low energy electrons (50 keV) and
sub MeV protons, which are known to be accelerated at the shock waves which
surround CIRs, are observed up to the highest latitudes viewed by Ulysses, up to
80 (e.g., Lanzerottiet al., 1997).
These observations are particularly curious when we consider the standard form
for the heliospheric magnetic field, which was shown by Parker (1958) to be an
Archemedes spiral pattern, lying on cones of constant latitude. The field is as-
sumed to be attached to the rotating Sun, and carried radially outward with the
solar wind. In this model, then, there needs to be extensive cross-field propagation,
which would not necessarily have been expected, particularly for the low energy
particles.
There appear to be two choices to account for the Ulysses observations: there is
extensive cross-field diffusion, as has been argued for by,e.g., Jokipii and Parker
(1969), Kóta and Jokipii (1995), which relies on a randomly braided magnetic field,
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or the simple model for the heliospheric magnetic field of Parker (1958) needs to be
modified, as has been suggested by Fisk (1996), into a model which allows direct
magnetic connection from low to high latitudes. We consider each of these possi-
bilities. It should be noted, however, that these models are not mutually exclusive.
Each may be operative to some degree, and it will be necessary to determine the
extent to which each possibility, or perhaps some other possibility, is dominant.
2. Latitudinal Transport by Cross-Field Diffusion
Consider first the diffusion of fast charged particles across the average magnetic
field. In order for this to be adequate to explain the observations of the transport of
CIR-generated particles to high latitudes, a substantially larger value of the ratio
of perpendicular to parallel diffusion is required than would be expected by using
classical scattering theory. Ifλk is the parallel scattering mean free path andrg is
the particle gyroradius in the average magnetic field, then the classical expression
is:
κ?
κk
=
1
1+(λk=rg)2
; (1)
For typical values ofλk , this ratio is very small, of the order of 10 4 or less for low
energy ions, which is too small to allow meaningful propagation of CIR particles
to high latitudes.
More than 30 years ago it was pointed out that the random walk, or braiding, of
the magnetic lines of force due to turbulence in the magnetic field could provide
a large contribution to perpendicular diffusion (Jokipii, 1966; Jokipii and Parker,
1969). This concept has an intuitive interpretation. Particles follow individual field
lines which are randomly braided on a variety of length scales. Since the field lines
could be braided down to the scale of the particle gyroradius, it should be possible
for particles to move from field line to field line, thereby propagating normal to the
direction of the mean magnetic field. The actual braiding itself could have several
causes. Jokipii and Parker (1969) and more recently Jokipiiet al.(1995) related the
braiding to observed supergranule motions in the photosphere, where the expected
diffusion of field lines on the Sun should lead to considerable intertwining. This
is illustrated in Fig. 1. It is also possible, as can be inferred from recent solar ob-
servations (Schrijveret al., 1997), that reconnection of the coronal magnetic field
with emerging loop structures will cause the field lines to reorient their positions,
thereby becoming intertwined with other field lines. Enhanced turbulence over the
solar poles as predicted by Jokipii and Kóta (1989) and observed by Ulysses (Smith
et al., 1995) is also a possibility for increased braiding.
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Figure 1. Schematic illustration of the introduction of
field braiding near the Sun (Jokipii and Parker, 1969).
The basic picture remains much the same if there
is signficant reconnection near the Sun as presently
thought.
Braiding by itself is not sufficient for effective cross field diffusion, but rather
the particles must actually be able to move to different field lines. The extent to
which that is possible, particularly for very low rigidity particles such as 50 keV
electrons, is not well understood (see,.g., Giacalone, 1999). Figure 2 illustrates
results from numerical simulations (Giacalone, 1999), in which a realistic random
field is computed using plausible solar parameters, and a straightforward extrapo-
lation into the heliosphere. For this case, and a small amount ofad hocscattering
which produces isotropy and motion across field lines, ratios ofκ?=κk  0:02
were obtained. This value produces considerable latitudinal transport. The random
scattering alone would produce a much smallerκ?=κk, of the order of 10 4.
Such values ofκ? are (and for many years have been) readily incorporated into
existing global numerical simulations of cosmic-ray transport. It is found (e.g.,
Kóta and Jokipii, 1995) that ratios ofκ?=κk  :02  :05 produce significant coro-
tating effects to high latitudes. This is close to the value deduced by Giacalone
(1999).
3. Latitudinal Transport by Direct Magnetic Connection
Consider next latitudinal transport by direct magnetic connection. As was pointed
out by Fisk (1996), the interplay between the differential rotation of the photo-
sphere, and the non-radial expansion of the solar wind from more rigidly rotating
polar coronal holes can lead to large excursions of the heliospheric magnetic field
in latitude. In this section, we review the model of Fisk (1996) and consider its
consequences for the transport of energetic particles from low to high latitudes.
The field model of Fisk (1996) is based on three assumptions: The heliospheric
magnetic field is attached to the photosphere, which differentially rotates. The
high speed solar wind expands non-radially from polar coronal holes,i.e., the high
speed solar wind originates from a limited volume near the base of the corona, and
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Figure 2. Illustration of the magnetic field lines as projected out into the heliosphere (Giacalone,
1999). The right two panels show two orthogonal views of the Parker spiral and the left two panels
the corresponding views of the field with the random walk or braiding included. The results are for
reasonable random walk parameters near the Sun’s surface: a velocity of 0.6 km/s and a time scale of
one day.
expands to fill a significant volume of the heliosphere. The expansion of the solar
wind in the polar coronal holes is about an axis that is both offset from the solar
rotation axis and which tends to rotate rigidly at approximately the equatorial rota-
tion rate. The last assumption is consistent with the observed property of coronal
holes, that they tend to rotate rigidly (e.g., Bird and Edenhofer, 1990).
The consequences of these assumptions for the magnetic field in the corona are
illustrated in Fig. 3, which is drawn in the frame of reference which corotates at
the equatorial rotation rate. The axisM is the axis of symmetry of the expansion
of the solar wind from the polar coronal hole. By the above assumptions it is offset
from the rotation axisΩ and is fixed in this reference frame. Consider, then, the
magnetic field line which originates from the heliographic pole. It undergoes a non-
radial expansion aboutM and penetrates the outer surface in Fig. 3 at the location
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Figure 3.An illustration of the orientation of the magnetic field in the corona, and the trajectories of
these field lines, as predicted in the model of Fisk (1996) (after Zurbuchenet al., 1997).
p. All other field lines are anchored in the photosphere which differentially rotates
aroundp. These field lines execute circular motion in the photosphere aboutΩ,
which, following the non-radial expansion, results in circular motion (presumably
distorted circular motion) aboutp. The circles on the outer surface of Fig. 3 mark
the location of the footpoints of heliospheric magnetic field lines, or equivalently,
the footpoints of heliospheric field lines can, in this model, make large excursions
in heliographic latitude.
The resulting field patterns in the heliosphere can be quite complicated as is
illustrated in Fig. 4. The figure is drawn for field lines whose footpoints in the
corona, following the non-radial expansion of the solar wind, are at a latitude of
70 north. The field lines are drawn out to a distance of approximately 20 AU. In
the lower drawing, where there is no footpoint motion, the field lines remain at 70
north, and simply execute the standard Archemedes spiral pattern appropriate for
this latitude. In the top figure, with footpoint motion, the field lines extend over a
wide latitude range. A field line whose footpoint is currently at 70 north was, in its
past history, at other latitudes. The solar wind drags the field lines out radially and,
when combined with these latitude excursions of the footpoints, creates the com-
plicated pattern. Note, in particular, that field lines which in the inner heliosphere,
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Figure 4.An illustration of the expected configuration of the heliospheric magnetic field comparing
models in which there is footpoint motion, and in which there is no footpoint motion, respectively.
The fields in both cases originate from 70 north latitude. (after Fisk, 1996)
i.e. within a few AU of the Sun, are at 70 north, connect to much lower latitudes
within 15–20 AU of the Sun. In this model, then, there can be a direct magnetic
connection from low to high latitudes in the heliosphere.
The two field configurations in Fig. 2, with and without footpoint motion, ap-
pear quite different when viewed on these large spatial scales, of more than 10 AU.
However, when observed from a single spacecraft, the model with footpoint motion
yields an orientation for the magnetic field which is always within about 10, or
less, of the orientation of the standard Parker field model without footpoint motion.
With the large Alfvénic variations in the heliospheric magnetic field, particularly
at high heliographic latitudes, it is thus hard to distinguish observationally between
the two models, or equivalently to prove that the more complicated field model
does in fact occur.
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Figure 5.The heliocentric radial distance at which a field line from a given latitude and longitude
crosses 30 north latitude,i.e.enters the region where CIRs occur. The longitude scale is fixed on the
rotating Sun, and of arbitrary phase. (after Zurbuchenet al., 1999)
However, there is some observational evidence in support of the model with
footpoint motion. As can be seen in Fig. 3, at high latitudes, there are regions where
the direction of the footpoint motion is opposite to that of the solar rotation. The
heliospheric field originating from this region will thus be over-wound relative to
the standard Archemedes spiral that would result from the equatorial rotation rate.
Indeed, Forsythet al. (1995) have shown that at high heliographic latitudes in the
southern hemisphere the field is over-wound, which is difficult to account for by
any other means since, for example, differential rotation by itself would lead to an
under-wound field. Also, Zurbuchenet al. (1997) performed several observational
tests on the heliospheric magnetic field, and although not conclusive, are consistent
with the footpoint motion theory. They found that the field at high latitudes has
two natural periodicities, one at about 20 days and the other at about 34 days. The
latter is the expected high latitude rotation period, and the former is consistent
with variations in the field following the footpoint trajectories in Fig. 3. Zurbuchen
et al. (1997) also, through careful averaging, found a systematic variation in the
polar component of the heliospheric magnetic field which in amplitude and phase
is exactly as would be expected from the footpoint motion theory.
Consider, then, the extent to which the field model with footpoint motion can
account for the ability of particles to transport from CIRs at low latitudes, up to
high heliographic latitudes. Shown in Fig. 5, from Zurbuchenet al. (1999), are the
heliocentric radial distances at which a field line from a given latitude and longitude
on the Sun (following the non-radial expansion) will cross a heliocentric latitude
of 30, i.e. will enter into the region where CIRs occur. This calculation assumes
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a simple model for the footpoint motion in which the footpoint trajectories at the
Sun are circles, as is described in Zurbuchenet al.(1997). For example, a field line
which originates from 80 in latitude and 50 in longitude (the longitude coordinate
system is fixed on the rotating Sun, and of arbitrary phase) will not connect to the
CIR region until almost 30 AU from the Sun. In contrast, a field line from 80 in
latitude and 200 in longitude, connects within 15 AU. Note also that there is a
longitude interval when there is no connection. The actual distance along the field
line is of course much longer than the heliocentric radial distance, since the field
follows the general spiral pattern. Within the first 15 AU in radial distance from
the Sun, the distance along the field is approximately twice the radial distance; at
larger radial distances, the distance along the field is a larger multiple. Clearly, the
connection distance is sufficiently short so that direct magnetic connection from
low to high latitudes is possible.
4. Concluding Remarks
The two models for latitude transport – cross field diffusion by field line random
walk and direct magnetic connection – share certain fundamental commonalties.
In both cases, motion of the field lines at the Sun is required, and in both cases
particle propagation is primarily along the field lines. In the case of field line
random walk, the field lines move randomly at the Sun by supergranule motions
or by reconnection. The motion of the field lines is then a statistical process. In
the case of direct magnetic connection, the motion of the field lines at the Sun
is systematic resulting from the interplay of the non-radial expansion of the solar
wind, and the difference between the differential rotation of the photosphere and
the more rigid rotation of coronal holes. Clearly, the two effects are not mutually
exclusive, and both could occur simultaneously; however, with some mitigation of
one effect on the other. If there is extensive random motion of field lines at the Sun,
it will negate the impact of the systematic motions of the heliospheric field lines in
latitude and the resulting direct connection to CIRs within the required 10–15 AU.
Conversely, if there is direct magnetic connection so that field lines do connect to
CIRs within 10–15 AU, then this should be a more expedient route for particles to
take to reach high latitudes than by cross-field diffusion. In general the motion of
particles along a single field line is likely to provide a shorter route for the particle
transport in latitude than the motion along multiple field lines.
The issue of which effect, if either, is dominant can only be resolved obser-
vationally. Observations of the magnetic field are helpful but are unlikely to be
conclusive. Observations at any one point in the solar wind cannot be expected
to reveal the true nature of the intertwining of the magnetic field, and thus the
opportunity for particles, particularly low rigidity particles, to move effectively
from one field line to the next. Similarly, the systematic motions of the field lines,
even with considerable motions of the footpoints near the Sun, will yield small
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and very difficult to discern differences between this field configuration and the
standard Parker spiral field with no latitudinal component of the field. Rather, dis-
criminating between the alternative explanations for latitude transport will require
detailed models for particle propagation and the comparisons of these models with
observations. Models with cross field diffusion are available as was described in
Sect. 2; however, no numerical model is currently available which includes the full
impact of a field resulting from systematic footpoint motions.
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